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Somatic cell differentiation is crucial for the development of multicellular organisms. While the
development of a fruiting body in Dictyostelium discoideum represents a simple model of this process
with separation of stalk cells from the spore lineage, that of Acytostelium subglobosum is not
accompanied by cell type separation. This species produces acellular stalks and, seemingly, all
aggregated amoebae become spores; however, it possesses homologs for the stalk-cell marker genes
of D. discoideum. In this study, we analyzed the spatio-temporal expression of A. subglobosum orthologs
for D. discoideum stalk- or spore-lineage markers to clarify the developmental process of A.
subglobosum. We ﬁrst found that the prespore vesicles, which contained spore coat proteins, started
to accumulate in the tip region and were observed in the entire sorogen throughout later development,
conﬁrming that all A. subglobosum cells became spores. The expression of a stalk-lineage gene ortholog,
As-ecmA, started at the mound stage and was prominent in the protruding sorogen. Although two
spore-lineage gene orthologs, As-cotD1 and -cotD2, were likewise detected shortly after cell aggregation
and increased in intensity until tip formation, their expression diminished in the protruding sorogen.
Double-ﬂuorescence staining of these prestalk and prespore marker genes revealed that the expression
of these marker genes was mutually exclusive and that expression switching occurred in the early tip.
Our results indicate that A. subglobosum cells become committed to the spore lineage ﬁrst, and then,
while keeping this commitment intact, participate in stalk formation. Instead of the permanent division
of labor observed in D. discoideum, A. subglobosum produces fruiting bodies by all cells contributing to
the formation of the stalk as well as forming spores.
& 2013 Elsevier Inc. All rights reserved.Introduction
Morphogenesis and cell differentiation are the major compo-
nents of multicellular development. From an evolutionary view-
point, the differentiation of mortal, sacriﬁcial somatic cells from
reproductive germ cells is of particular interest; how this was
achieved in the evolution of life is an interesting and complex
issue (Wolpert and Szathmary, 2002; Bonner, 2003). Social
amoebae are unique organisms that exhibit conditional multi-
cellularity and may serve as a suitable model for examining this
issue; they grow as solitary amoebae in the presence of sufﬁcient
food, but when starved, the amoebae gather and produce multi-
cellular fruiting bodies composed of a spore ball and a supportive
stalk (Kessin, 2010). In many species, the stalks are ﬁlled with
vacuolated stalk cells to stiffen them using a cellulose wall and
osmotic pressure. Since the stalk cells are no longer regenerative,ll rights reserved.
shihara).they represent one of the simplest forms of somatic cell
differentiation.
In Dictyostelium discoideum, the most widely analyzed social
amoeba species, the gathered amoebae form migratory slugs in
which the posterior 80% of cells are committed to the spore
lineage, and the anterior 20% are committed to the stalk-cell
lineage. These prespore and prestalk cells are distinguished by the
presence or absence of prespore vesicles (PSVs) (Hohl and
Hamamoto, 1969), respectively, which are membrane-bound
organelles that hold the spore coat proteins internally until the
time of spore maturation. PSVs have been identiﬁed in many
species of the social amoebae (Hohl and Hamamoto, 1969;
Takeuchi et al., 1977; O’Day, 1979) and are a useful marker for
tracking the spore lineage. The prespore and prestalk cells are also
characterized by the expression of lineage-speciﬁc genes; for
example, cotA and other coat protein genes for the former and
ecmA and other extracellular matrix genes for the latter
(Williams, 2006; Ozaki et al., 1993). The molecular mechanisms
underlying fruiting body formation have been extensively studied
in D. discoideum, and the important roles of the low molecular
weight signaling compounds and gene expression cascades
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2004; Strmecki et al., 2005).
In spite of shared starvation-induced multicellular develop-
ment among the social amoebae, the details of fruiting body
formation vary between species (Schaap et al., 1985, 2006). Most
remarkably, those in the genus Acytostelium form fruiting bodies
with non-cellular stalks, in which seemingly all aggregated
amoebae become spores (Cavender and Vadell, 2000) and with
no cell differentiation taking place. Histological analysis of Acy-
tostelium leptosomum development showed that the cells ﬁrst
contribute to stalk formation by secreting cellulose and then
reorganize their contents to become spores (Hohl et al., 1968).
Recent molecular-based phylogenetic analysis indicated that D.
discoideum belongs to the newest evolutionary clade, while the
genus Acytostelium is in an older clade (Schaap et al., 2006; Heidel
et al., 2011). Thus, two crucial questions arise: (1) What is the
molecular mechanism that enables morphogenesis without cell
differentiation during Acytostelium development? and (2) How
did cellular stalks accompanied by cell differentiation evolve in
the history of the social amoeba Comparative genomic analyses
between Acytostelium and other genera of Dictyosteliidae that
produce cellular stalks should help us to answer the latter
question. From this perspective, genome analysis of A. subglobo-
sum has been carried out (http://acytodb.biol.tsukuba.ac.jp/). A
preliminary comparison of its gene repertoire with that of D.
discoideum revealed astonishing conservation between these
species (Urushihara et al., will be published elsewhere). A. sub-
globosum harbors an almost complete set of homologs for D.
discoideum stalk lineage-speciﬁc genes, despite the fact that no
stalk cells exist in A. subglobosum sorocarps.
In the present study, we examined the spatial expression
patterns of A. subglobosum orthologs for D. discoideum lineage-
speciﬁc genes using whole-mount in situ hybridization (WISH)
along with the observation of PSVs. By combining the results from
these two approaches, we clariﬁed the developmental program of
A. subglobosum.Materials and methods
Cell culture and asexual development
A. subglobosum strain LB1 was used throughout the experi-
ments. It was provided from the Dicty Stock Center (http://
dictybase.org) and maintained as fruiting bodies in association
with Klebsiella aerogenes on 5LP (0.5% lactose, 0.5% peptone) agar
plates. For experimental use, LB1 cells were cultured in Bonner’s
salt solution (10 mM NaCl, 10 mM KCl, 3 mM CaCl2) containing
pre-cultured K. aerogenes (Urushihara, 2006) on a gyratory shaker
at 150 rpm at 21 1C. The cells were harvested at their early growth
phase (1.0–3.0106 cells/mL), washed 3 times with KK2 buffer
(20 mM K2HPO4/KH2PO4, pH 6.8), and then spread at a density of
2.5105 cells/cm2 on a cellulose ester membrane ﬁlter (48 mm in
diameter) (Advantech) for RNA extraction, or a 11 cm2 piece of
dialysis membrane (Orange Scientiﬁc, MWCO: 3500) for immu-
nostaining and WISH. The ﬁlters and dialysis membranes were
then transferred onto 1.5% agar plates and incubated at 21 1C.
Immunoﬂuorescence microscopy
FITC-labeled anti-D. mucoroides spore IgG was a generous gift
from Dr. Kei Inouye (Kyoto University). At the appropriate times
of incubation, developing sorogens on dialysis membranes were
soaked with 100% methanol at 20 1C for 5 min and washed with
phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.76 mM KH2PO4, pH 7.4) supplemented with 0.1%Tween (TPBS), blocked with 10% bovine serum albumin (Sigma-
Aldrich) in TPBS, and then treated with the diluted antibody for
2 days at room temperature. The samples were washed 3 times
with TPBS for 30 min each and mounted with DAKO ﬂuorescent
mounting medium (Sigma-Aldrich). Images were taken using an
LSM700 laser-scan confocal microscope (Carl Zeiss) and the
multifocal images were created using the ImageJ program (NIH).
To visualize the stalks and the nuclei, the samples were treated
with 0.01% calcoﬂuor white (Sigma-Aldrich) or 2.0 mg/ml propi-
dium iodide (PI) (WAKO) and 50 mg/ml RNaseA (Sigma-Aldrich),
respectively, just before mounting.
Immunoelectron microscopy
Samples on the dialysis membranes were ﬁxed with 4%
paraformadlehyde, 0.1% glutaraldehyde, 0.5% tannic acid in
0.05 M cacodylate buffer pH 7.4, dehydrated and embedded in
LR white resin (London Resin). Ultrathin sections (80 nm) were
prepared using an ultra microtome and placed on nickel grids.
The grids were placed in the diluted anti-D. mucoroides spore IgG
for 90 min followed by rinsing 3 times with 1% BSA in PBS, and
then placed in Gold-particle conjugated anti-rabbit IgG antibody
(British BioCell international) for 1 h. After washing with PBS, the
samples were post-ﬁxed with 2% glutaraldehyde, dried and
stained with 2% uranyl acetate for 15 min and Lead stain solution
(Sigma-Aldrich) for 3 min. The grids were observed by a transmis-
sion electron microscope (JEM-1200EX; JEOL) at acceleration
voltage of 80 kV.
Isolation of cDNA clones for ecmA and cotD orthologs
Total RNA was extracted from the developing sorogens at 16 h
after starvation using an RNeasy RNA Extraction Kit (Qiagen) and
reverse transcribed using Superscript II RNase H reverse tran-
scriptase (Life Technologies) to synthesize cDNA. The coding
sequence of As-ecmA was inferred from the Acytostelium gene
database (AcytoDB) (http://acytodb.biol.tsukuba.ac.jp/), ampliﬁed
by polymerase chain reaction (PCR) using KOD-plus (TOYOBO),
and cloned into the pCR-BluntII-TOPO cloning vector (Life Tech-
nologies). The primer sequences for this PCR are shown in
Supplementary Table 1. Two cDNA clones for D. discoideum cotD
orthologs, asdv12b10 and asdv10i22, were obtained from NBRP-
nenkin (http://nenkin.lab.nig.ac.jp/).
Quantitative RT-PCR
Total RNA was isolated as described above. First strand cDNA
was synthesized using Superscript II RT (Life Technologies). The
concentration of the template was adjusted by ampliﬁcation
using primers for As-elp3 (A. subglobosum RNA polymerase II,
elongator complex subunit). For quantiﬁcation, real-time RT-PCR
was performed using an ABI 7900HT Sequence Detection System
(Applied Biosystems, USA). The ampliﬁcations were carried out
using Power SYBR Green PCR Master Mix (Applied Biosystems).
The primer sequences used in the present study are shown in
Supplementary Table 1.
Whole-mount in situ hybridization
Developing sorogens on dialysis membranes were ﬁxed at the
appropriate developmental times and processed for WISH based
on the protocol for D. discoideum (Escalante and Loomis, 1995).
Since the sorocarp size and (AþT) content of A. subglobosum were
considerably different from those of D. discoideum, we modiﬁed
the conditions as follows: the proteinase K treatment step was
shortened to 10 min at room temperature, the hybridization
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the pre-hybridization, hybridization, and probe washing steps
were carried out at 52 1C. The cDNA fragments for probes were
subcloned into pBluescriptII SK(-) (Agilent Technologies) and
linearized using the appropriate restriction enzymes. Digoxi-
genin- or ﬂuorescein-labeled sense and anti-sense RNA probes
were transcribed using T3 and T7 RNA polymerases, respectively.Fig. 1. Sorocarp development of A. subglobosum: (A) overall morphological changes are s
migration stage, multiple tips of sorogens protrude from single mounds (c) and the soro
into mature spores at the top of the stalks (f). (B) Detection of spore coat proteins by imm
were developed on dialysis membranes and stained with FITC-conjugated anti-spore an
ﬁnal fruiting body stages (e; only the sorus is shown). Multifocal images were generated
overlaid with light ﬁeld images and signals for calcoﬂuor white (blue) to visualize the st
(green) and PI (magenta). Sorogens at an early culmination stage were sectioned and tr
the enclosed region in (h) is shown in (i). Bars, 10 mm except for Bi.Double-staining WISH was performed as follows. Digoxigenin-
labeled As-cotD2 and ﬂuorescein-labeled As-ecmA probes were
incubated with samples simultaneously. Antibody reaction and
coloring steps were performed as described previously (Mohri
et al., 2008), but we used peroxidase conjugated anti-digoxigenin
and anti-ﬂuorescein antibodies (Perkin Elmer) and TSA Plus
Fluorescein/TMR System (Perkin Elmer) for coloring reaction.hown. Starved amoebae gather in streams (a) to form cell mounds (b). Without the
gens elongate along with the production of a stalk (d, e). Finally, the cells develop
unoﬂuorescence (a–g) and imunoelectron microscopy (h and i) is shown. LB1 cells
tibodies at the mound (a), tip (b), early culminant (c), late culminant (d, f–g), and
for the mound and tip stages. In (f), signals for the anti-spore antibody (green) are
alks. In a confocal section shown in (g), the sorogen was stained with the antibody
eated for imunoelectron microscopy as described in the text. A magniﬁed image of
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Hoechst 33342. The images were taken as described above.Fig. 2. Temporal expression patterns of As-ecmA (A), As-cotD1 (B) and As-cotD2 (C).
Total RNA was extracted from the cells at the indicated developmental points and
used for real-time RT-PCR. The levels of mRNA are shown as relative to the 24 h
samples. Error bars indicate mean7standard deviation.Results
Sorocarp development and PSV production in A. subglobosum
The development of LB1 cells proceeded with a similar timing as
D. discoideum and was completed within 24–32 h after starvation,
although it was less synchronized on dialysis membranes compared
to that on membrane ﬁlters (Fig. 1A). When LB1 sorogens were
subjected to immunoﬂuorescence microscopy using antibodies
against D. mucoroides spores, a dot-like staining pattern was observed
in the cells during the tip and culmination stages and the surface of
the spore was stained at the ﬁnal stage (Fig. 1Bb–e). Immunoelectron
microscopic analysis revealed that the antibodies reacted to the dense
materials of intracellular vesicles opaque inside (Fig. 1Bh and i) very
similar to a report about D. discoideum PSVs by Devine et al. (1983).
Thus, we concluded that the antibody reacted with the spore coat
materials of A. subglobosum and that the stained structures inside the
cells at the tip and culmination stages corresponded to PSVs. No clear
PSVs were observed at the mound stage (Fig. 1Ba). At the tip stage,
strong staining of PSVs was observed in the tip and root regions of the
protrusions, but staining was rare in the basal mounds (Fig. 1Bb). If
the elongating sorogens were stained with PI to visualize nuclei, each
PI stained cell also contained PSVs (Fig. 1Bg, Supplementary Fig. 1).
We thus conﬁrmed that there were no special cells for stalk
production and that all cells became spores in A. subglobosum.
Interestingly, PSVs tended to localize at the peripheral ends of
columnar layered cells, opposite to the central stalk, in the culminat-
ing sorogens (Fig. 1Bf).
Identiﬁcation of A. subglobosum orthologs to D. discoideum lineage-
speciﬁc genes
Sequences homologous to D. discoideum stalk-lineage speciﬁc
genes were found in AcytoDB, although A. subglobosum does not
have stalk cells. Therefore, it seemed interesting to determine when
and where these genes were expressed and how their expression was
different from the spore-lineage orthologs. We chose D. discoideum
ecmA and ecmB for the stalk-lineage genes and cotB and cotD for the
spore-lineage ones, and attempted to ﬁnd their A. subglobosum
orthologs. Through TBLASTN search against AcytoDB, we could isolate
As-ecmA (DDBJ ID: AB743580), which was orthologous to ecmA of D.
discoideum but also very similar to ecmB, and two homologous genes
for cotD, As-cotD1 (DDBJ ID: AB743578), which was regarded as a cotD
ortholog, and As-cotD2 (DDBJ ID: AB743579). Details of gene isolation
and their domain structures are described in Supplementary Fig. 2.
The phylogenetic relationships of these genes and their orthologs
from various species are shown in Supplementary Fig. 3.
Temporal expression patterns of As-ecmA and As-cotD
Total RNA was prepared from the cells at 0, 8, 16, and 24 h of
development and used for quantitative RT-PCR. As shown in
Fig. 2A, the expression of As-ecmA was negligible during the
growth phase and increased with development. The expression
of As-cotD1 and As-cotD2 was very similar (Fig. 2B and C): They
were negligible at the growth phase and increased as develop-
ment proceeded, similarly with As-ecmA. The expression proﬁles
of all three genes suggest that they are likely to exert their
functions in late development, although the spore lineage genes
were maximally expressed at an earlier time point than the stalk
lineage gene.Spatial expression patterns of As-ecmA and As-cotD
WhenWISH was performed on the mound stage samples using
the As-ecmA anti-sense-RNA probe, signals of variable strength
were detected depending on the extent of cell aggregation
(Fig. 3Aa–c). In either case, the signals appeared at one or multiple
foci near the center of the aggregates (Fig. 3Ab and c). Apparently,
the expression of As-ecmA increased as the mound stage pro-
gressed. At the tip stage, strong signals were detected in each tip
(Fig. 3Ad), but the signal intensity decreased while the sorogens
were elongating (Fig. 3Ae–g). Strong focal signals were detected
in the tips or at the stalk-surrounding regions of some, but not all,
Fig. 3. Spatial expression patterns of As-ecmA (A) and As-cotD2 (B) during development. A. subglobosum cells were developed on dialysis membranes and processed for
WISH analysis at 8 h (a–c), 16 h (d–f, h) and 24 h of development (g) using the anti-sense (a–g) and sense (h) probes of each gene. Phase-contrast images were taken to
visualize the shape of the cells of the mounds at 8 h (a–c), whereas images of transmitted light were taken for the advanced stages (d–h). Bars, 20 mm.
K. Mohri et al. / Developmental Biology 375 (2013) 202–209206sorogens at the late culmination stage (arrows in Fig. 3Ae–g). The
As-ecmA signal was not detected in the spore mass at the ﬁnal
stage (Fig. 3Ag). We could not obtain intense staining as expected
from the temporal expression pattern of As-ecmA (Fig. 2A).Similar to As-ecmA, the expression of As-cotD2 was ﬁrst detected
at the mound stage and its signal intensity increased as mound
formation progressed (Fig. 3Ba–c). In contrast to As-ecmA, however,
the signal was not detected in the tip regions of elongating sorogens
Fig. 4. Simultaneous detection of As-ecmA and As-cotD2 mRNA during development. LB1 cells were developed on dialysis membranes and processed for double-staining
WISH at the mound (A, B, F), tip (C, D), and culmination (E) stages using the anti-sense probes of As-cotD2 (left, magenta) and As-ecmA (center, green). The merged images
are on the right. Counterstaining of Hoechst 33258 is overlaid in As-ecmA and merged images in (F) (higher magniﬁcation). The white arrowheads indicate the double-
positive cells, while the black arrowheads indicate the cells positive for only As-ecmA. Bars, 20 mm.
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root regions (Fig. 3Bd–f). No signals were observed in the mature sori
(Fig. 3Bg). The spatial expression pattern of As-cotD1 was exactly the
same as that of As-cotD2 (Supplementary Fig. 4).
Switching expression of As-ecmA and As-cotD
The fact that both As-ecmA and As-cotD mRNA were detected
at the early tip stage suggested the possibility that the stalk and
spore lineage genes might be co-expressed in the same cells. To
examine this possibility, we performed double-staining WISH
using As-ecmA and As-cotD2 as probes. In the tight mounds, most
cells expressed As-cotD2, with only a few peripheral cells lacking
its signal (Fig. 4A left). The expression of As-ecmA was restricted
mostly to the central region, and the merged image indicated that
the expression of these two genes overlapped there. In more
advanced mounds, there was an As-cotD2-negative area in the
middle of a strongly stained region (Fig. 4B). Interestingly, this
area had the strongest signal for As-ecmA. Closer examination at a
higher magniﬁcation revealed the existence of three types of cells
in the mound at this stage (Fig. 4F): As-cotD2-positive, double
positive (white arrowheads), and As-ecmA-positive cells (black
arrowheads). Later in the tipped mounds, the cells in the tip
region were strongly positive for As-ecmA and negative for As-
cotD2 (Fig. 4C and D). In the early culminants, As-ecmA was
detected in the elongating regions, while the As-cotD2 signal
remained only in the bottom region (Fig. 4E). These results
suggest that the aggregated cells start to express the As-cotD
genes, ﬁnished translation, and then switched expression to As-
ecmA at the root regions of the elongating sorogens.Fig. 5. Schematic drawing of cell fate and labor division in dictyostelids:
(A) temporal division of labor in A. subglobosum based on our observation in this
research. Aggregated amoebae become ‘‘prespore cells’’ ﬁrst to generate PSVs
(dark red circles), contribute to stalk formation by expressing genes of stalk
materials (as represented by the green particles) while keeping the PSVs intact,
and then spore maturation occurs. (B) In D. discoideum and other group 4 species,
amoebae are destined as either prestalk or prespore cells at an early stage of
development, and terminally differentiate as they are. (C) In the older species of
dictyostelids such as P. pallidum, D. lacteum, and D. minutum, the majority of
aggregated cells become prespore cells ﬁrst, but a portion of them trans-
differentiate into prestalk cells at the tip of the sorogen, and then terminally
differentiate as stalk cells.Discussion
In this study, we analyzed the developmental process of the
social amoeba A. subglobosum, focusing on the expression pat-
terns of lineage-speciﬁc genes. We found that the starved cells
became committed to spores shortly after cell aggregation, as
revealed by the accumulation of As-cotD mRNA and PSVs. Inter-
estingly, the spore-committed cells switched their gene expres-
sion from As-cotD to As-ecmA prior to the onset of tip elongation,
while maintaining PSVs inside the cells. Thus, the developing cells
of A. subglobosum are all prespore cells, in that they possess
PSVs, but temporarily devote themselves to stalk formation, and
complete their fate as spores at the top of the ﬁnal sorogen
(Fig. 5A).
In D. discoideum, products of ecmA and ecmB are components
of both slug sheath and stalk tube but their physiological roles
have not been well documented (Morrison et al., 1994). Their
conservation in A. subglobosum suggests that they are used as
materials for cellulose deposition in stalk tubes. Although the
mutually exclusive expression of spore and stalk lineage genes
was demonstrated clearly in the early culminants, there was a
discrepancy in the detection of As-ecmA at the ﬁnal stages of
development between quantitative RT-PCR and WISH. One reason
for this could be insufﬁcient synchronization of development, but
the population of early sorogens, which were strongly stained,
was much larger in 16 h samples than 24 h. Therefore, we assume
that the discrepancy was the result of inefﬁcient probing of late
culminant mRNA either due to RNA degradation or to poor
penetration of the probes. Further technical improvements will
be necessary to clarify this problem.
It has been shown that, in the evolutionary older species of the
social amoeba in groups 2 and 3; e.g. P. pallidum (O’Day, 1979), D.
lacteum (Schaap et al., 1985) and D. minutum (Schaap et al., 1983),
the fraction of prestalk cells in sorogens is smaller than thatobserved in D. discoideum and other group 4 species; however,
prestalk cells are continuously supplied by the trans-
differentiation of prespore cells adjacent to the prestalk region
to cover the loss of prestalk cells from their terminal differentia-
tion into stalk cells during continued stalk elongation (Fig. 5C).
Even in D. discoideum, the transition of cell fate from prespore to
prestalk in the boundary zone was observed by histological
analysis (Schaap, 1986) (Fig. 5B). Therefore, it may not be totally
novel for once spore-committed cells to participate in stalk
formation. The trans-differentiation process in those species,
however, includes the lysis of the PSVs contained in the cyto-
plasm of prespore cells. To our knowledge, the contribution of
PSV-containing cells to stalk formation has not been reported.
The ability to construct cellular stalks either evolved in the
common ancestor of all dictyostelids and was subsequently lost in
the Acytostelium lineage, or it evolved independently multiple
times. The former possibility seems more likely (Schaap et al.,
K. Mohri et al. / Developmental Biology 375 (2013) 202–209 2092006; Heidel et al., 2011). As described above, many of the genes
indispensable for stalk cell differentiation in D. discoideum, such
as those involved in the production and signaling cascades of
cAMP, Differentiation-Inducing Factor (DIF), and STAT (Chisholm
and Firtel, 2004; Fukuzawa, 2011; Kawata, 2011) are found
in A. subglobosum. Even so, there should be substantial differences
between Acytostelium and other dictyostelids in the molecular
networks controlling development. Comparative functional ana-
lyses of those genes are necessary to elucidate the critical
differences between the groups of social amoebae with or without
stalk cell differentiation.Acknowledgments
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